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Abstract. We investigate how robust the discovery of perfect fluid is through
comparison of hydrodynamic calculations with elliptic flow coefficient v2 at midrapidity
in Au+Au collisions at
√
sNN = 200 GeV. Employing the Glauber model for initial
entropy density distributions, we reasonably reproduce centrality dependence of v2
by using ideal fluid description of the early QGP stage and a hadronic cascade in
the late hadronic stage. On the other hand, initial conditions based on the Colour
Glass Condensate model are found to generate larger elliptic flow due to larger initial
eccentricity ε. We further predict v2/ε at a fixed impact parameter as a function of
collision energy
√
sNN up to the LHC energy.
One of the important new discoveries made at the Relativistic Heavy Ion Collider
(RHIC) is the large elliptic flow v2 in non-central Au+Au collisions [1]. At the highest
RHIC energy, the observed v2 values near midrapidity at low transverse momentum
pT in central and semicentral collisions agree with predictions from ideal fluid dynamics
[2]. The ideal fluid dynamical description, however, gradually breaks down as one moves
away from midrapidity or studies in peripheral collisions. This requires more realistic
treatment of initial and final stages in fluid dynamical modeling of relativistic heavy ion
collisions.
We have formulated a dynamical and unified model [3] based on a fully three-
dimensional (3D) ideal fluid dynamics [4, 5] toward understanding the bulk and
transport properties of the quark gluon plasma (QGP). An assumption of local
thermalisation is made during fluid dynamical evolution. However, local thermalisation
can be expected only in the intermediate stage of collisions. Therefore, one needs to
model dynamics of collisions appropriately before and after the hydrodynamic stage in
order to draw properties of the QGP from experimental data. In the early stage, we
employ the Colour Glass Condensate (CGC) picture for colliding nuclei and calculate
produced gluon distributions which are to be the initial conditions in fluid dynamical
calculations [6]. On the other hand, in the late stage, local thermalisation is no longer
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Figure 1. Centrality dependence of charged particle multiplicity per the number of
participants (left) and impact parameter dependence of eccentricity for initial energy
density distributions (right). Solid (Dashed) line is the result from the Glauber-type
(CGC) initial condition. Experimental data are given by PHOBOS [8]. Dotted line in
the right figure is the result assuming a box profile of initial energy density distribution.
maintained due to expansion and dilution of the matter. We treat this gradual transition
from locally thermalised system to free streaming hadrons via dilute interacting hadronic
gases by utilizing a hadronic cascade model [7].
We first calculate the centrality dependence of multiplicity to see that the CGC
indeed describes the initial entropy production and works well as proper initial
conditions in fluid dynamical calculations. As a reference, we also calculate it in a
conventional way that the initial entropy density distribution is parametrized as a linear
combination of the number density of participants ρpart and that of binary collisions
ρcoll from the Glauber model. Both the CGC and the Glauber model initial conditions
followed by an ideal fluid description lead to reproduction of centrality dependence
of multiplicity [8] as shown in Fig. 1 (left). It should be noted that the agreement
between the data and our results still holds when we replace the ideal fluid dynamical
description in the hadronic stage with a hadronic cascade. We next show in Fig. 1 (right)
eccentricity as a function of impact parameter for the initial energy density distributions.
Even though the two models correctly describe centrality dependence of multiplicity, a
significant difference is seen between them: Eccentricity from the CGC is 20-30% larger
than that from the Glauber model [9]. Thus, eccentricity turns out to be very sensitive
to the model assumptions, which can be discriminated by observation of elliptic flow.
With Glauber model initial conditions [10], prediction of v2 from ideal fluid
dynamics overshoots the data in peripheral collisions [11]. Hadronic dissipative effects
taken through the hadron cascade model reduce v2 and, consequently, are sufficient
to explain the data (Fig. 2 (left)) [3]. On the other hand, initial conditions based on
the CGC model lead to larger elliptic flows which overshoot the data [3] unless one
additionally assumes that the early QGP stage also possesses significant shear viscosity.
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Figure 2. (Left) Centrality dependence of v2. Solid (Dashed) line is the result from
the CGC (Glauber model) initial condition followed by ideal dynamical description
of the QGP and hadronic cascade. The data are from the PHOBOS Collaboration
[11]. (Right) Excitation function of v2/ε at b = 6.3 fm in Au+Au collisions. Solid line
is the result from the CGC, ideal fluid of the QGP, and hadronic cascade. Dashed
(Dash-dotted) line is the result from a conventional ideal fluid dynamics with thermal
freezeout temperature T th = 169 MeV (T th = 100 MeV).
In Fig. 2 (right), excitation functions of elliptic flow v2 for charged particles scaled
by initial eccentricity ε at an impact parameter being b = 6.3 fm are shown for full 3D
ideal QGP plus hadronic fluids (T th = 100 MeV and T th = 169 MeV) where critical
temperature Tc = 170 MeV, and an full 3D ideal QGP fluid with hadronic rescatterings
through a hadronic cascade model below the switching temperature T sw = 169 MeV.
In the conventional fluid dynamical calculations, initial conditions are parametrized so
that final multiplicity is reproduced. Collision energy dependence of observables is easily
handled within the CGC although the application of the CGC might be questionable at
SPS energies. We just use this model as a systematic way to obtain energy dependence
of hydrodynamic initial conditions. A bump is seen around the SPS energy (
√
sNN ∼ 10
GeV) in the conventional hydrodynamic result with T th = 100 MeV [12] presumably
due to the onset of soft equation of state (EOS) near the transition region and the
rehardening of EOS in the QGP. This structure is completely washed out by hadronic
dissipations [13], which is consistent with the experimental data [14, 15], Even at the
RHIC energy, hadronic dissipations reduce v2 by ∼20 %. We predict that the excitation
function from the hybrid approach gradually increases from RHIC to LHC energies [13]
contrary to the ideal fluid case in which the function saturates above the RHIC energy.
Even though we are not able to reproduce integrated v2 at the RHIC energies, our
prediction of increase pattern of v2/ε shown in Fig.2 (right) is robust since taking the
ratio of elliptic flow coefficient v2 to eccentricity ε minimizes the current theoretical
ambiguity especially in the initial states.
In summary, we have developed a dynamical and unified model based on the full
3D ideal fluid of the QGP to describe the space-time evolution of the bulk matter in
relativistic heavy ion collisions and applied this model to analysis of the current elliptic
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flow data at RHIC. With the Glauber initial conditions, hadronic dissipations seem to
be able to reduce the elliptic flow enough to bring the theoretical predictions in line
with the data, leaving little room for additional dissipative effects in the early QGP
stage. On the other hand, CGC initial conditions yield significantly more eccentric
sources and produce larger than observed elliptic flow even if dissipative effects in the
late hadronic stage are taken into account. In order to answer to the question, whether
the perfect fluid of the QGP is discovered at RHIC, a further systematic study of the
hadron distributions for a variety of hadronic species, collision centralities, center of
mass energies and system sizes is needed. Our analysis also points to a need for a
better understanding of the initial conditions in heavy ion collisions if one hopes to use
experimental data to constrain the QGP viscosity. See recent studies of eccentricity from
classical Yang Mills simulations with a “universal” saturation scale [16] and of effects
of eccentricity fluctuation [17]. We further predicted the response of the system to the
initial spatial anisotropy of produced matter, v2/ε, as a function of collision energy up
to the LHC energy and found the excitation function monotonically increases with the
collision energy when we take account of hadronic dissipations.
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